Energy consumption in the world has been growing every year. The industrial sector represents 27.32% of the world energy demand. Heating systems that use solar energy may contribute with a percentage of the total energy required by industries. This work aimed to study the use of vacuum solar collectors for water pre-heating in boilers. We used four collectors installed according to NBR 15,569; water flow through the tubes was 0.058 L/s, and temperature in the inlet and outlet pipes was measured. Results showed that instantaneous radiation, and inlet fluid and room temperatures are variables that influence the process, reaching water maximum temperature in the solar collector outlet of 97.9 °C, and efficiency of approximately 65% for most experiments. For the financial viability evaluation, the payback study was applied, which resulted in 4; 7 and 5 years, for the respective sources: firewood, LPG (liquefied petroleum gas), and electricity. Regarding the calculation of the annual contribution to the reduction of greenhouse gases, it was, respectively, 2.162 and 356 kg of CO 2 per m 2 of collector tubes, in comparison with firewood and LPG.
INTRODUCTION
The search for greater energy efficiency, along with policies of clean development mechanism, has encouraged the study of new techniques for power generation using renewable energy sources with lower generation of pollutants (DINIZ & BERMANN, 2012) . Among the alternative energy sources, solar energy is becoming more popular, especially for residential water heating, being a cost-effective alternative to the use of electricity and natural gas (GOLDEMBERG & LUCON, 2007; LUNA et al., 2008; MEDEIROS, 2008; OLIVEIRA et al., 2008; ALTOÉ et al., 2012) .
Energy obtainment in most countries of the world is performed by thermoelectric power plants through burning of fuel oils derived from petroleum, natural gas, and coal (IEA, 2011; ABRAMOVAY, 2010) . Processes of energy generation through burning of these compounds, in addition to the release of high loads of atmospheric pollutants, contribute to global warming, generating, among other pollutants, high amounts of carbon dioxide and carbon monoxide, which are the main gases that cause the greenhouse effect (MENDES & RODRIGUES FILHO, 2012) . On the other hand, the power generated by hydroelectric plants also results in a great environmental impact, promoting the displacement of large numbers of people and seriously compromising the biodiversity of that ecosystem QUEIROZ & MOTTA VEIGA, 2012; BARON & RENCK, 2012) .
The challenge of mitigating imminent risks arising from climate change embraces not only governments, but the civil society and companies; therefore, it is necessary to develop and establish techniques that reduce the concentration of gases causing the greenhouse effect in the atmosphere. In the industry, the use of solar energy has been little explored since the energy obtained via solar collectors may be used for fluid pre-heating, what greatly reduces the amount of fuel material burnt in boilers (KALOGIROU, 2004; ABRAMOVAY, 2010) .
The main barriers to the implementation of a solar heating system of high performance are the lack of data on collectors when high temperatures are employed, and its actual efficiency under different temperature conditions. In this sense, this study aimed to identify relevant parameters of fluid heating for solar power systems as well as the main process responses. In addition to tests of heat transfer, economic viability studies were performed by calculating the return time and rate on the investment.
MATERIAL AND METHODS

Photothermal collector implementation
Four solar tubular collectors (Apricus brand, model AP 30) , with aperture area of 2.83 m 2 and total area of 4.4 m 2 , were used. Each collector consists of 20 borosilicate 3.3 vacuum tubes with absorbing surface of aluminum nitrate on aluminum (Al-N/Al). The collectors were installed in series, according to NBR 15569 (ABNT, 2008) , in a rural area of Chapecó, Santa Catarina State, Brazil (27°07'54" S and 52°70'88" W). The collectors were oriented north with a 37° inclination, which was defined by the equipment structure configuration within the tolerance of the local latitude +10° to optimize the use of solar energy throughout the year. Such configuration was performed according to the manufacturer's instructions and, also, literature data (APRICUS, 2012; ARRUDA, 2004) . Water flow inside the solar collector tubes was 0.0598 L/s, obtained by a globe valve and a centrifugal pump. Temperature sensors, of the PT 100 type, were installed at the beginning and end of each collector, connected to a data acquisition board, and used for periodic temperature monitoring. Figure 1 shows a schematic representation of the experiment performed with tubular solar collectors and accessories. Other process data were obtained from INMET-Xanxerê (Santa Catarina State), such as room temperature and instantaneous solar radiation; data of annual mean daily radiation, used in the economic evaluation, were obtained from RETScreen 4 software (RETScreen®, 2012) .
Efficiency of the solar water heating system
Calculation of system efficiency was carried out according to LEEPHAKPREEDA (2010) so that the efficiency expresses the heat fraction from the incident solar radiation that is absorbed by the working fluid. The heat absorbed by water from the radiation is calculated by the energy balance in the system. Equation (1) is used to achieve the heat flow:
where, C -specific heat for water evaluated at the mean temperature, J/kg K; m -mass flow, kg/s, and Tf and Ti -inlet and outlet temperatures of each collector. Equation (2) describes the efficiency of collectors according to local radiation:
where, Qabsorbed -heat absorbed by water inside the collector, and Qsolar energy -instantaneous solar radiation converted into heat, kJ/m 2 .
Instantaneous solar radiation data were obtained at INMET (National Institute of Meteorology), in Xanxerê, and the collecting area varies according to type and number of the used collectors. It should be noted that the conversion efficiency is proportional to the ratio between the working fluid mean temperature and room temperature, for a given solar radiation.
Values of solar radiation are very variable along the day. Thus, the calculation of the reduced temperature (T Red ) is commonly applied, as it is a variable of high relevance used in the analysis of heat transfer (BERGMAN et al., 2011; QUERINO et al., 2011) . It relates the mean temperature (Tm), obtained from the collector inlet and outlet temperatures, to the room temperature (TR) and instantaneous solar radiation (G), as shown by eq. (3):
Economic evaluation
For economic viability analysis, some indices were used, such as return time on capital (payback) and net present value (NPV). We used the discounted payback that represents the calculation of return period on investment, considering the discounted cash flows. The result obtained by this calculation shows the number of periods required for the flow of benefits to be equal to the invested capital (ABENSUR, 2012).
The net present value is a technique of capital budget analysis, which takes considers the money value over time and requires the choice of a minimum rate desired by the investor for discount purposes. Via NPV, the possibility of return overcoming by the investment is verified; therefore, the investment decision should be accepted if NPV is positive, and rejected, if it is negative (SILVA & FONTES, 2005; ABENSUR, 2012; PERES et al., 2009; SANTOS, 2009) . The NPV calculation is performed according to Equation (4) 
where, n -number of periods (years) with invested money in the project; i -capital cost or hurdle rate, which we considered 10%, and CF -the cash flow generated in the period.
The discounted payback was calculated by eq. (5): 
Using this equation, it may be stated that PBD is that time when the initial investment is equal to the discounted cash flows generated by the project.
After obtaining the efficiency index for the solar collector, and finding the ideal system working conditions, the economic viability analysis was performed for the use of water pre-heating in boilers. This was achieved by comparing solar energy with three conventional sources that are commonly used in the industry: firewood, LPG, and electricity.
RESULTS AND DISCUSSION
Efficiency of the solar water heating system
The temperature profile obtained at the inlet and outlet of each collector, shown in Table 1 , confirms the system contribution to water heating for both winter and summer. We verified an increase of the fluid temperature according to the increasing amount of collectors with the same radiation and climatic conditions, in the summer and winter time, which justifies the equipment implementation with collectors in series. As any heat transfer that depends on the surface area, an increase number of collection tubes raises the heat exchange surface area, thus the system heat exchanges also increase (GIORGETTI, 2008) .
It is possible to notice that the temperatures maintain a mean yield when the inlet temperature does not vary; we observed that, from 7 pm to about 7 am, the temperature remains constant because there is no solar heating during the night. For KALOGIROU (2004) As shown in Table 1 , the solar radiation data vary throughout the day and, therefore, the temperatures recorded from the outlet fluid from each collector also vary. Thus, the calculation of the reduced temperature must be used to facilitate result interpretation and discussion. It was observed that the collector inlet temperature was higher than the room temperature due to the fact the inlets received water from the accumulation system (15,000 liters), which is also heated by a boiler of 15,000 kcal/h, using firewood or biogas as sources, the latter produced in a digester belonging to the property. In Figure 2 , it is also possible to observe the season behavior of the solar collector; the first period, from 02/29/2012 to 03/05/2012, obtained the greatest values of incident solar radiation, as well as higher temperatures, of 961.11 W/m² and 97.9 °C, respectively, since tests were performed during the hottest season in Southern Brazil (summer). On the other hand, the period from 08/07/2012 to 08/16/2012 showed much lower values of solar radiation and temperatures, when compared with the first period, due to winter environmental characteristics, with lower radiation incidence and milder temperatures. Regarding the solar collector efficiency, it was observed that it varied according to the environmental conditions; instantaneous radiation, inlet fluid temperature, and room temperature, were the variables that most influenced the process. According to LIN (2006) , it is essential to maintain a close difference between the inlet fluid and room temperatures to obtain better collector thermal performance. Figure 3 presents the efficiency graph obtained in the collector regarding the reduced temperature. Considering little variation in the room temperature, it is possible to verify that the reduced temperature is directly proportional to the collector mean temperature, and inversely proportional to the instantaneous solar radiation. The efficiency calculation showed that most values are concentrated around 65% and, also, that only increasing reduced temperatures (up to 0.04 m 2 K/W) promote a significant decrease in the efficiency percentage. These results are encouraging, since studies by LEEPHAKPREEDA (2010) on vacuum solar tube collectors under similar solar radiation, did not achieve greater efficiency than 50%; moreover, for reduced temperatures above 0.01 m 2 K/W, there was even a further efficiency reduction. This positively highlights the data obtained in this experiment, as vacuum tube collectors were used, which are also known as heat pipes. These collectors have an additional advantage over other solar systems since, in the vacuum one, solar radiation is retained in the tube, with almost no heat loss through the glass.
As the mean inlet fluid temperature directly affects the efficiency of solar collectors, it is possible to verify, for each collector composing the system, that the highest efficiency levels are obtained in the first three collectors, where inlet maximum temperature fluctuates around 50 °C (Figure 4) . Major differences between inlet and outlet temperatures were obtained in the first three collectors, thus resulting in the highest efficiencies. In the last collector, with inlet mean maximum temperature (T4) around 57 °C, and outlet mean temperature (T5) around 63 °C, efficiency is lower due to the proximity of temperatures, that is, poor heat transfer. YOU & HU (2002) reported similar results for the same outlet temperature, i.e., the higher the temperature of the collector inlet fluid, the lower the obtained efficiency.
The results indicate that efficiency of the solar collector is proportional to the ratio between the working fluid mean temperature and room temperature, for a given incident solar radiation; thus, the higher the inlet fluid temperature, the lower the system efficiency.
Economic evaluation
Considering 65% efficiency for the reduced temperature lower than 0.04 m²K/W, which was determined in the tests with solar collectors, we proceeded to the financial viability analysis of the solar system use for water pre-heating in boilers.
According to RETScreen 4 software, the region of Chapecó presents a mean daily radiation of 4.64 kWh/m 2 , which is equal to 16,704 kJ/m 2 . Therefore, every meter of solar collector produces, on average, 10,857.6 kJ/m 2 per day that, when multiplied by 365 days, amounts to 3,963,024 kJ/m 2 per year. Considering the same amount of firewood, in kilograms, that is used to obtain the same energy, there were, on average, 590.25 kg of firewood, under the market value of R$ 0.1923/kg, what results in annual fuel savings of R$ 113.51. The analysis for LPG and electricity fuels is shown in Table 2 . (2008), who evaluated the economic viability of solar collector installation in relation to diesel use in a power plant in Antarctica, reported the economy of 12,244 liters of fuel after the implementation of flat-plate solar collectors; the authors suggest that this system may be used in addition to other forms of power generation to reduce expenses.
For cost purposes, a demonstration was created for an installation requiring 190,225.15 MJ per year, i.e., a demand of 20 solar collectors. For calculation purposes, the proposed solar system is automated to optimize power consumption, with a pump triggering command for water circulation according to the temperature differential between the solar collectors and water tank, what generated a total cost of the solar heating system installation and implementation of R$ 92,800.00. The fixed costs for the solar system operation are low and may be disregarded in the calculation. For the comparison of cost reduction between the proposed system and the other three fuels, the annual cost of each was calculated, resulting in R$ 29,443.20 for firewood, R$ 16,862.16 for LPG, and R$ 23,410.28 for electricity.
For calculation of the investment payback, as well as comparison between present and future values, we used 10% as the rate of cost increase (Table 3) . The payback values are considered interesting for application because, according to a supplier of solar heating pipes, this system life lasts, approximately, 20 years, with warranty up to seven years; the investment would then be paid within the warranty period, except for LPG, what is characterized as a great investment in the case of firewood and electricity replacement. Regarding firewood, it is important to emphasize that it should be stored within reach, what often sacrifices the necessary space for industrial activity. It also requires protection against rain and moisture. If deposited at greater distances, it demands extra labor to be put in the boiler. Besides, the storage of firewood generates a breeding spot for vectors, what requires frequent fumigation (BRAZIL, 2005) .
Another obvious factor regarding the use of solar heaters, when replacing other forms of energy, is the environment preservation. To emphasize this statement, we estimated how many kilograms of carbon dioxide would no longer be emitted to the atmosphere when firewood and LPG are replaced. From the knowledge on carbon percentage (KLOCK et al., 2005) , the fuel amount saved per m² of solar collector was 2,162.16 kg/year. For LPG, considering the butane as its main constituent, the value was 356.54 kg/year. We may observe that the use of solar energy prevents large amounts of greenhouse gases from reaching the atmosphere, and enables the preservation or other uses of fertile lands cultivated with timber. In this sense, the use of such energy also reduces the consumption of LPG, which is a non-renewable fuel, and electricity, reducing the pressure for the construction of new hydroelectric plants. This could hinder the construction of new hydroelectric plants, what changes the characteristics of aquatic and terrestrial environments, thus reducing biodiversity.
CONCLUSIONS
The performance demonstrated by the solar collectors for different radiation values, and fluid inlet and room temperatures indicated a better working range when the inlet fluid temperature in the collector is below 57 °C, as most tests presented heat exchange efficiency around 65%. This proves to be suitable for new applications, such as thermal plants and heating at high temperatures for industrial processes.
Assuming that solar energy, for water pre-heating in boilers, is used to replace conventional methods, the return time on investment for boilers, in comparison with firewood, LPG, and electricity, was 4; 7 and 5 years, respectively. Such values are considered economically attractive. Moreover, the firewood, which is the most currently used fuel for water heating, requires appropriate locations for storage and increased manpower. Regarding the environmental gains from the use of solar energy, we may cite: reduction of greenhouse gas release, generated in the combustion of conventional fuels; preservation of areas that would be cleared for timber cultivation; and, in the case of electricity, a decreased need for new hydroelectric plants, which affect the population life quality and the entire biotic environment in the surroundings.
